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A new methodology to predict sorption isotherms at different temperatures is proposed in this work. The
classical BET model is used coupled with the Clausius–Clapeyron equation, and an Arrhenius temperature
dependency is assumed for the BET energetic parameter C. When compared to the usual procedure based
solely on the use of a model for the sorption isotherm, this methodology presents two main advantages:
(i) a single set of parameters may be used to predict isotherms at different temperatures and (ii) fewer
experimental data are required to estimate this set of parameters, using only one single sorption iso-
therm and one single value of differential enthalpy of sorption, at a speciﬁc and arbitrary humidity.
The new methodology was tested with different food materials and the predicted results were in good
agreement with experimental data, attesting the potential of this new approach.
 2012 Elsevier Ltd. Open access under the Elsevier OA license. 1. Introduction
Water activity (aw) is one of the most important parameters in
food engineering as it is related to the amount of water available in
the food material for physical, chemical and biochemical reactions
as well as for microbiological growth. Thus, water activity is also
directly related to the shelf life stability of a food product. The rela-
tion between aw and the equilibrium water content (X) in the
material at a constant temperature is called the moisture sorption
isotherm (Abramovic and Klofutar, 2006).
The gravimetric technique is the most common method to
determine the moisture sorption isotherms of food material, being
widely used in scientiﬁc research and industry. This technique in-
volves the use of sulfuric acid solutions at different concentrations
or saturated salt solutions to maintain a known and controlled
humidity environment inside a closed jar at a ﬁxed temperature
condition (Spiess and Wolf, 1983). In these jars, food material sam-
ples are kept until the moisture content in the food reaches ther-
modynamic equilibrium with the surrounding atmosphere. If on
one hand this method has low cost and is very easy to be imple-
mented, on the other hand the moisture equilibrium can take sev-
eral days to be achieved and the determination of the whole set of
sorption isotherms, covering the temperature range of interest, can
take months. Just to mention a few examples, the work of
Al-Muhtaseb et al. (2004) involved a 3 weeks period to determine: +55 51 33083277.
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er OA license. each sorption isotherm for starch powders; 20 days was the period
used for Cassini et al. (2006) to determine the moisture equilib-
rium of texturized soy protein; Goula et al. (2008) used 3 weeks
for spray dried tomato pulp, and Mulet et al. (1999) needed more
than 30 days of experiment for one isotherm of fresh cauliﬂower.
The experimental determination of the sorption isotherms is al-
ways associated with the use of mathematical models to correlate
these data. According to the literature, more than 200 different
equations have been proposed to ﬁt the moisture sorption iso-
therms (van den Berg and Bruin, 1981). Some of these models have
theoretical basis while others are semi-empirical or fully empirical
(Al-Muhtaseb et al., 2004; Goula et al., 2008; Peng et al., 2007). The
well-known Brunauer, Emmett and Teller (BET) sorption isotherm
equation, derived from adsorption analysis, was the most used
model in the past (Timmermann, 2001). An important issue
regarding BET model is that its assumptions are expected to hold
only for small values of aw, up to 0.4–0.5. However, for some food
materials the BET model has been shown to produce reasonable
agreement with experimental data over the whole range of water
activity (Cassini et al., 2006; Mulet et al., 1999; Thys et al., 2010).
Another interesting feature of the BET model is the fact that it in-
cludes the monolayer moisture content (Xm), which is a parameter
of interest in dried foods. The model theoretical background along
with its simplicity are some of the reasons why this equation is still
in use.
The temperature dependence of aw is generally expressed by
the Clausius–Clapeyron equation, in which the water activity in
two different conditions are related through the net isosteric heat
of sorption (Qs). Since more than two isotherms are usually raised
experimentally, the Clausius–Clapeyron equation is actually used
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explicit expression depending on temperature, a different set of
parameters needs to be estimated for each temperature condition
of interest. Recently, Cortés et al. (2011) proposed a new method-
ology, based on the Polanyi theory, for calculating aw in different
temperatures using one isotherm data yielding a relation between
the measured value of aw and the new aw in a different tempera-
ture. The expression developed can also be obtained by using the
Clapeyron–Clausius equation considering the energetic contribu-
tion of Qs constant.
The objective of this work is to present a new methodology to
determine the BET model parameters using fewer experimental
data but providing reliable aw predictions at temperatures other
than those explored experimentally. To do that, the classical BET
model is used with an Arrhenius temperature dependency form
for the energetic parameter C. The monolayer moisture content
Xm is assumed to be temperature independent (Timmermann,
2001). Moreover, the Clausius–Clapeyron equation is used to take
into account the temperature effect in water activity. This is
accomplished by including the information of the differential en-
thalpy of sorption, also known as net isosteric heat of sorption
Qs, at a given humidity. To generate the BET model parameters
only one experimental isotherm is needed along with one value
of differential enthalpy, which can be easily measured by differen-
tial-scanning calorimetry (DSC) (Mulet et al., 1999). The theoretical
fundamentals and details of this new approach are given in Section
2 while the results forMorchella esculentamushrooms, cauliﬂower,
spray dried tomato pulp and Chenopodium Ambrosioides leaves, pis-
tachio nuts, potatoes and banana pulp are shown in Section 3.
2. Theoretical background and the new methodology
2.1. The BET isotherm
The classical BET equation (Brunauer et al., 1938) is given by:
X ¼ aw Xm Cð1 awÞðawðC  1Þ þ 1Þ ð1Þ
where X is the amount of water and Xm is the monolayer moisture
content, both generally expressed in dry basis, and C is an energetic
constant, which can be estimated for each temperature. An alterna-
tive procedure is to use an Arrhenius–like temperature function:
C ¼ C0eQ=R T ð2Þ
with C0 being the pre-exponential factor, Q the sorption energy and
R the gas constant.
In the literature, the BET equation is usually applied without
temperature dependency. In this case, different values of Xm and
C are used to ﬁt each isotherm. However, the monolayer content
is related to the number of sorption sites available on the material
surface. Then, the value of Xm can be expected to be independent of
the temperature, since for the processes and ranges of temperature
of interest this variable is expected not to affect the surface struc-
tural characteristics.
2.2. The Clausius–Clapeyron equation
For a pure substance, the Clausius–Clapeyron equation states a
relation between temperature and saturation pressure through the
latent heat of vaporization. It was derived from the Clapeyron
equation with assumptions of ideal gas behavior for vapor phase
and negligible liquid molar volume when compared to the vapor
molar volume. For water in equilibrium with its vapor, the
Clausius–Clapeyron is given by:dPsatw
Psatw
¼ DHvap
R
dT
T2
ð3Þ
where Psatw is the water saturation pressure, DHvap is the latent heat
of vaporization, and T is the temperature of the system. This equa-
tion can be rewritten as:
dlnPsatw
dT
¼ DHvap
RT2
ð4Þ
It is worth recalling that the Clapeyron equation was derived from
the equality of Gibbs free energy for two phases of a pure substance
in equilibrium. For mixtures, the equality that should hold is given
by the Gibbs partial molar energy. If all previous Clausius–Clapey-
ron assumptions still hold and considering, additionally, that only
water can be exchanged between phases, then a simple equation
can be derived. This is equivalent to just replace the saturation pres-
sure Psatw in Eq. (4) by the water partial pressure Pw and the latent
heat of vaporization by the enthalpy change in the process:
dlnðPwÞ
dT
¼ DH
RT2
ð5Þ
The water activity aw ¼ Pw=Psatw can be introduced in Eq. (5) to give:
dlnðawPsatw Þ
dT
¼ DH
RT2
ð6Þ
The total enthalpy change DH for the sorption process of water in
food materials is the sum of the net isosteric heat of sorption Qs
and the water heat of vaporization DHvap. Then, Eq. (6) can be
rewritten as:
dlnaw
dT
þ dlnP
sat
w
dT
¼ Qs
RT2
þ DHvap
RT2
ð7Þ
which, using Eq. (4), is reduced to:
dlnaw
dT
¼ Qs
RT2
ð8Þ
Finally, Eq. (8) can also be conveniently rearranged to express the
water activity temperature dependency:
daw
dT
¼ aw Qs
RT2
ð9Þ
Eq. (9) shows that the degree of dependence of the water activ-
ity on the temperature is deﬁned by the isosteric heat of sorption,
with high values of this parameter meaning strong temperature
dependence. In food engineering literature, Eq. (9) is usually also
presented as being the Clausius–Clapeyron equation. This is not
strictly true, although both equations are very similar in derivation
and ﬁnal form.
2.3. The new methodology
The starting point of the new ﬁtting method proposed in this
work is the use of the temperature dependent BET equation. This
equation is obtained by substituting in the original BET model
(Eq. (1)) the expression that deﬁnes the dependence of the ener-
getic parameter on temperature (Eq. (2)), yielding:
X ¼ aw Xm C0
1 awð Þ aweQ=RT C0eQ=RT  1ð Þ þ eQ=RTð Þ ð10Þ
Differentiating Eq. (10) with respect to the temperature at a con-
stant humidity X, and after some algebraic manipulation, the fol-
lowing expression is found:
C0 RT
2 eQ=RT  RT2
 
a2w þ RT2
  daw
dT
¼ Q a3w þ 2Q a2w  Q aw ð11Þ
P.B. Staudt et al. / Journal of Food Engineering 114 (2013) 139–145 141Substituting in this equation the expression for daw=dT given by
Eq. (9) and solving for Qs, a simple relation is obtained:
Qs ¼
Q a2w  2Q aw þ Q
ðC0 eQ=RT  1Þa2w þ 1
ð12Þ
where the net isosteric heat of sorption is expressed as a function of
the BET model parameters. It is important to note that the sorption
energy Q in Eq. (2) is not the same as Qs and that both can be related
by an exact equation. This relation was obtained with no empirical
considerations other than the assumptions for the derivation of Eq.
(9).
Given one single value of Qs at a certain condition of humidity X
and experimental data of one single sorption isotherm, Eqs. (10)
and (12) form an algebraic system which has only Q ;C0 and Xm
since C0 and Xm are temperature independent (Timmermann,
2001). The required value of Qs can be measured by differential-
scanning calorimetry (DSC) (Mulet et al., 1999). It is worth men-
tioning that due to the nonlinear nature of the system described
by Eqs. (10) and (12), both equations have to be solved together.
A simple procedure to solve this problem is shown in the next
section.
2.4. Parameter estimation
As shown in the previous sections, the proposed methodology
generates a system of nonlinear equations. In essence, Xm and C0
will come from the isotherm data while Q is computed from the
Qs experimental value using Eq. (12).
At a deﬁned reference condition of humidity X0, where the net
isosteric heat of sorption Qs was determined, the corresponding
water activity a0w and Q values are calculated using the BET model
and Eq. (12) applied at the reference point:
X0 ¼ a
0
w Xm C
0
1 a0w
 
a0w C
0  1
 
þ 1
  ð13Þ
Qs ¼
Q a0w
2  2Q a0w þ Q
C0  1
 
a0w
2 þ 1
ð14Þ
where C0, the energetic parameter calculated at the temperature of
the experimental isotherm (T0) used for the estimation, is given by:
C0 ¼ C0eQ=R T0 ð15Þ
In this way the ﬁnal nonlinear system to be solved simulta-
neously consists of Eqs. (13)–(15) together with the original BET
model equations ((1) and (2)).
The following objective function FObj was considered in the
parameter estimation:
FObj ¼
X
i
Yi  eY i 2
r2
ð16Þ
where Yi and eY i are the experimental and model-predicted values
of water activity or humidity at the experiment i, respectively,
and r2 is the experimental variance in aw or X measurements. This
estimation problem was solved using the Flexible Polyhedron
Method (Nelder and Mead, 1965).
To evaluate the ﬁt and prediction quality, the regression coefﬁ-
cient (R2), the mean relative deviation (MRD), the standard error
(SE) and the residual of estimate (ei) were calculated:
R2 ¼ 1
PN
i¼1 Yi  eY i
 2
PN
i¼1 Yi  Y
 2 ð17ÞMRDð%Þ ¼ 100
N
XN
i¼1
Yi  eY i
Yi

 ð18Þ
SEE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP
i Yi  eY i
 2
m
vuut
ð19Þ
ei ¼ Yi  eY i ð20Þ
with Y ¼PiY i=N; N being the number of experiments and m the de-
grees of freedom of regression model.
Additionally, an F-test was perform to assess the BET model
suitability. The value of F0 used in the comparison with the critical
value of F(Ftab ¼ F distribution value corresponding to 95% conﬁ-
dence) was deﬁned as the ratio between the model (r2model) and
the experimental variances (r2exp), according to the following
expression:
F0 ¼ r
2
model
r2exp
¼
PN
i
YieY i 2
m
r2exp
ð21Þ
where m is the number of degrees of freedom associated to the mod-
el estimates, given by m ¼ N, when testing model predictions, or
m ¼ N  NP, when testing model ﬁtting. NP is the number of esti-
mated parameters. Regarding the experimental variance in sorption
isotherms determination, the statistical comparison of experimen-
tal data reported by different authors (Yanniotis and Zarmboutis,
1996; Mulet et al., 2002; Villa-Vélez et al., 2012) has shown that
there is no signiﬁcant difference, at 95% conﬁdence, between the
experimental deviations found in the different sources. Conse-
quently, in this work, the value of r2exp ¼ 4:84 105, calculated
from the data reported by Villa-Vélez et al. (2012), was used as typ-
ical experimental variance.
The parameter estimation was carried out using the EMSO
(Environment for Modeling, Simulation, and Optimization) process
simulator (Soares and Secchi, 2003). EMSO is an equation–based
process simulator free for academic use and can be downloaded
at http://www.enq.ufrgs.br/alsoc. Some examples of applications
are chemical reaction engineering (Rodrigues et al., 2010), model-
ing of extraction (Sartor et al., 2011) and bio-processes (Faccin
et al., 2012). To the best of our knowledge, this is the ﬁrst work
using EMSO in food engineering applications. The EMSO ﬁle with
the model equations developed in the present work as well as
the experimental data used forM. esculenta are available as supple-
mentary material.
3. Results and discussion
3.1. Test of the methodology using sorption data from the literature
Different food materials were tested to assess the efﬁciency of
the proposed sorption isotherm estimation methodology. As the
success of the proposed methodology is closely related to the ade-
quacy of the sorption model used for the food material of interest,
only experimental data sets for which the BET model has been
shown to provide good ﬁt were considered in this work. Experi-
mental sorption data, including the total heat of sorption
(DH ¼ Qs þ DHvap) obtained by DSC measurements, for cauliﬂower
and M. esculenta mushrooms were taken from Mulet et al. (1999,
2002), respectively. For spray dried tomato pulp, Chenopodium
Ambrosioides, pistachio nuts shell, potatoes and banana pulp, sorp-
tion data reported by Goula et al. (2008), Jamali et al. (2006), Yan-
niotis and Zarmboutis (1996), Kaymak-Ertekin and Gedik (2004)
and Villa-Vélez et al. (2012) respectively, were used, with Qs values
Table 1
DH and Qs values for cauliﬂower, M. esculenta, spray dried tomato pulp, Ch. Ambrosioides leaves, pistachio nut shell, potatoes and banana pulp.
X (kg water/100 kg db) DH (kJ/mol)
Cauliﬂower 7.18 49.95 Mulet et al. (1999)
M. esculenta 17.5 45.07 Mulet et al. (2002)
Qs (kJ/mol)
Spray dried tomato pulp 20 16.66 a –
Ch. Ambrosioides leaves 20 0.79 b –
Pistachio nuts shell 7.5 2.53 c –
Potatoes 10 3.82c –
Banana pulp 10 6.47c –
a Determined with adjusted parameters for GAB model taken from the original paper of Goula et al. (2008).
b Determined with adjusted equation for Qs with adsorption data taken from Jamali et al. (2006).
c Determined in this work with BET model using all isotherms.
Table 2
Statistical results for the estimated isotherms and Xm and C0 parameters for the food materials tested.
Xm C0 R
2 MRD (%) SE F0 Ftab
Cauliﬂower 0.0935 0.0961 0.982 14.08 0.0482 4.7924 2.45
M. esculenta 0.0577 0.1513 0.985 5.77 0.0034 0.2469 2.29
Tomato pulp 0.1838 9.73  109 0.991 4.87 0.0218 9.8178 3.07
Ch. Ambr. leaves 0.0574 2.10  1012 0.998 7.77 0.0089 1.6538 2.45
Pistachio nuts 0.0458 8.69  105 0.994 3.47 0.0033 0.2214 3.07
Potatoes 0.0449 2.43  1014 0.997 1.30 0.0012 0.0285 2.68
Banana pulp 0.1041 4.07  104 0.999 0.60 0.0002 0.0012 2.68
Xm and SE in kg water/kg db.
Table 3
Results for isotherm predictions with the BET model compared with experimental
data.
T (C) MRD (%) R2 SE F0 Ftab
Cauliﬂower 35 11.28 0.985 0.0468 4.5291 2.18
45 11.80 0.963 0.0727 10.9304 2.18
M. esculenta 15 3.72 0.992 0.0027 0.1535 2.09
25 6.13 0.970 0.0053 0.5813 2.09
35 8.43 0.913 0.0077 1.2103 2.09
Tomato pulp 30 12.87 0.930 0.0406 34.0860 2.45
40 14.34 0.910 0.0471 45.9922 2.45
50 10.61 0.941 0.0370 28.2881 2.45
60 12.67 0.912 0.0408 34.4427 2.45
70 14.69 0.988 0.0154 4.9074 2.45
Ch. Ambr. leaves 40 11.87 0.995 0.0144 4.2880 2.18
50 23.94 0.973 0.0345 24.6801 2.18
Pistachio nuts 25 4.58 0.993 0.0033 0.2212 2.45
40 4.34 0.989 0.0034 0.2349 2.45
Potatoes 30 6.78 0.932 0.0049 0.4926 2.29
45 9.17 0.785 0.0144 4.3003 2.29
Banana pulp 30 6.13 0.992 0.0035 0.2541 2.29
40 1.84 0.999 0.0008 0.0140 2.29
50 5.97 0.994 0.0025 0.1293 2.29
60 3.75 0.997 0.0017 0.0570 2.29
70 8.51 0.998 0.0012 0.0279 2.29
SE in kg water/kg db.
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peratures through ﬁtted models. The values of total heat and net
isosteric heat of sorption at speciﬁc moisture contents (dry basis)
used in this work are shown in Table 1.
In order to get the values of the net isosteric heat of sorption
(Qs ¼ DH  DHvap), the water heat of vaporization DHvap is needed.
Based on data obtained by the correlations developed by Wagner
and Pru (2002) for general and scientiﬁc use, a second order poly-
nomial expression was obtained to estimate DHvap:
DHvap ¼ 0:0009T2  2:3289T þ 2500:6 ð22Þ
where DHvap is given in J/g and T in Celsius. The temperature range
of application of Eq. (22) is from 0 C to 80 C.
For each material under analysis, data from one single isotherm
were considered for the parameter estimation, together with the
heat values shown in Table 1. These isotherms were: 25 C for cau-
liﬂower, 5 C for M. esculenta, 30 C for Ch. Ambrosioides leaves, 20
C for tomato pulp, 15 C for pistachio nuts, 60 C for potatoes, and
20 C for banana pulp. For cauliﬂower and Ch. Ambrosioides leaves
it was possible to obtain good ﬁt using the whole range of aw val-
ues available (0.12 to 0.96 for cauliﬂower, and 0.05 to 0.90 for Ch.
Ambrosioides leaves). For spray dried tomato pulp, M. esculenta
mushrooms and pistachio nuts shell only values of aw up to 0.6
were used, and for potatoes and banana pulp aw values up to 0.5,
since the use of the whole range of aw led to unreasonable results
for Xm, which is probably related to intrinsic limitations of the BET
model. The values of the estimated BET model parameters for each
material are shown in Table 2, as well as the respective values of
the statistical parameters for the ﬁtted isotherms.
The values obtained for R2, MRD and SE show that good ﬁt was
achieved for all materials studied. Regarding the F-test, only for
cauliﬂower and spray dried tomato pulp the model ﬁtted variance
was signiﬁcantly different from the experimental variance, pre-
senting F0 values bigger than Ftab. Additionally, it is worthy to com-
pare the values of the monolayer moisture content (Xm) presented
in Table 2 with those obtained, for the same temperatures consid-
ered in Table 2, by the classical estimation procedure and the GABmodel in the articles in which the sorption data used here were
originally presented. Those values were of 0.070, 0.0608, 0.0978,
0.2131, 0.0580, 0.0670 and 0.1138 kg water/kg db for cauliﬂower
(Mulet et al., 1999), Ch. Ambrosioides (Jamali et al., 2006), M. escu-
lenta (Mulet et al., 2002), spray dried tomato pulp (Goula et al.,
2008), pistachio nut shell (Yanniotis and Zarmboutis, 1996), pota-
toes (Kaymak-Ertekin and Gedik, 2004), and banana pulp (Villa-
Vélez et al., 2012), respectively. The comparison shows that, except
for cauliﬂower, the values of Table 2 are about 10–40% lower than
those respective values obtained with the conventional estimation
procedure applied to the GAB model. These values are in the usual
range of the differences found between values of Xm predicted by
the BET and GAB models, accordingly to Timmermann (2001).
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Fig. 1. Residual plots of isotherm predictions for all materials tested.
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Fig. 2. Comparison between experimental and calculated isotherm of Ch. Ambro-
sioides leaves at 50 C with BET model.
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Fig. 3. Comparison between experimental and calculated isotherms of spray dried
tomato pulp using the proposed methodology with BET model.
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therms were calculated without any additional information other
than the values of Xm;C0 and Qs determined previously. In Table
3 the isotherm prediction results for all materials tested are shown
and in Fig. 1 the residual plots for each case are depicted.The results presented in Table 3 shows that good agreement be-
tween experimental and predicted isotherms was achieved, espe-
cially for M. esculenta mushrooms, pistachio nuts, and banana
pulp for which the all predicted isotherms present similar devia-
tions when compared to the experimental data (F0 lower than
Table 4
Comparison between the BET parameters estimation of Goula et al. (2008) using six
isotherms experimental data and the results of this work using one single isotherm
and one Qs data.
T Goula et al. (2008) This work
Xm (% db) C MRD (%) Xm (% db)a Cb MRD (%)
20 18.96 19.04 3.40 28.48 4.87
30 16.24 14.06 10.40 13.88 12.87
40 15.58 8.18 9.43 7.08 14.34
50 14.92 6.11 8.75 18.38 3.77 10.61
60 14.56 3.37 19.93 2.08 12.67
70 14.78 2.03 17.22 1.19 14.69
Overall 11.52 11.68
a A single value of Xm for all temperatures.
b Calculated with C0 ¼ 9:73 109 (see Table 2 and Eq. 2).
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therm. In spite of it, reasonable representation of that is yet
achieved, since the F0 value obtained was still quite close to the
critical value of 2.29. In Fig. 1 it can be observed the randomness
of the distribution of errors, which supports the afﬁrmation of good
suitability of BET model for banana pulp, potatoes and pistachio
nuts shell.
The higher value of MRD was found in the prediction of Ch.
Ambrosioides leaves isotherm at 50 C. However, as can be seen
in Fig. 2, even in this case the proposed methodology was able to
reproduce the isotherm shape suggested by the experimental data
with good accuracy.
For spray dried tomato pulp, the deviations found in the pre-
dicted isotherms were slightly higher than the obtained for the iso-
therm used for parameter estimation (Table 2). Nevertheless, they
are close to the limit of MRD considered as adequate in the litera-
ture and the isotherms representation is quite satisfying as shown
in Fig. 3.
It is worth mentioning that the deviations between the pre-
dicted and experimental sorption isotherms do not increase with
temperature despite the wide range of temperature considered
(from 20 C to 70 C). This fact indicates the adequacy of the pro-
posed approach to represent the temperature dependency be-
tween aw and X using the BET model.3.2. Comparison between the proposed and the classical approach
To verify the real advantages of the proposed methodology, the
results achieved in this work for the spray dried tomato pulp were
directly compared with those presented in the original paper of
Goula et al. (2008) using different models to adjust the sorption
isotherm data. Two different alternatives were tested in the men-
tioned paper: (i) the GAB model with temperature dependency in
the parameters C and k using data of all isotherms together to per-
form the estimation and (ii) the classical version of different mod-
els (BET, GAB van den Berg and Bruin (1981), Halsey (1948), Smith
(1947), Oswin (1946) and Peleg (1993)) with no temperature
dependency generating one set of parameters for each
temperature.
In Table 4 the results of Goula et al. (2008), using the BET model
with the classical procedure of parameter estimation, are com-
pared with the outcome of the methodology proposed in the pres-
ent work.
The ﬁrst aspect to be mentioned, because in it resides the main
contribution of the proposed methodology, is the difference of
experimental effort required to obtain the sorption isotherms in
the range of temperatures of interest (one sorption isotherm and
one value of Qs for the proposed methodology, against the six iso-
therms required by the classical procedure). It is also important to
observe that the use of lower amount of experimental data in the
proposed methodology caused no signiﬁcant loss of accuracy in
the representation of the isotherms in the range of temperatures
considered. Actually, for higher temperatures smaller discrepan-
cies from the experimental data were obtained. Finally, it is also
important to consider the behavior of the MRD values obtained
with the proposed methodology for the different temperatures.
Although, as could be expected, the values of MRD were signiﬁ-
cantly lower for the isotherm data used in the parameter estima-
tion step (20 C), no increase of this parameter with the increase
of the difference between the temperature considered in the
extrapolation procedure and the reference (ﬁtting) temperature
was observed, with all the remaining predicted isotherms (30–70
C) presenting similar values of MRD. This is a very important out-
come, since it evidences the temperature extrapolation capability
of the proposed methodology.3.3. Practical aspects related to the use of the methodology
The key of the proposed approach is the use of an accurate value
of Qs since the net isosteric heat of sorption is the responsible for
the temperature dependency of the BET model. According to tests
performed during this work, uncertainties of about 10% in the Qs
value can generate unrealistic predictions of sorption isotherms
with MRD higher than 50%. On the other hand, tests performed
with accurate Qs values obtained at different humidities led to
no signiﬁcant differences in the results of the parameter estimation
and in the isotherm predictions, proving that the performance of
the method depends only on the accuracy of the value of Qs used
(and of the humidity for which this value is determined) and not
on the speciﬁc value of humidity considered.
Another important aspect to be considered is the fact that the
choice of the reference isotherm to be used in the parameter esti-
mation step has been shown not to inﬂuence signiﬁcantly the re-
sults. This result is quite important from a practical point of
view, since it allows the most suitable temperature be chosen to
determine the reference isotherm accordingly to the experimental
apparatus available, and the most suitable sample humidity condi-
tion be used to measure the Qs value via DSC, without any intrinsic
limitation related to the methodology of analysis.
Finally, when considering products for which the BET model
does not provide good ﬁt, the extension of this approach to another
isotherm model should be used. Encouraged by the good results
obtained in this work, efforts are being made in this direction.4. Conclusions
A methodology to predict sorption isotherms at different tem-
peratures using experimental data of one single isotherm and
one single net heat of sorption Qs value was proposed. From these
data two temperature independent parameters C0 and Xm can be
estimated.
The results showed that it is possible to adjust the BET sorption
model with experimental data of a single isotherm, combined with
a single and accurate Qs value, and use the estimated parameters
to predict aw at different temperature conditions. In general, good
agreement between the experimental and predicted isotherms for
M. esculenta, spray dried tomato pulp, cauliﬂower, Ch. Ambrosioides
leaves, pistachio nuts, potatoes and banana pulp was observed. For
the cases where higher deviations were found, the proposed meth-
odology was still capable of guaranteeing a satisfying representa-
tion of the experimental data. When compared to the classical
approach, used to determine the BET model parameters of spray
dried tomato pulp, the proposed method showed similar results
with a better prediction of water activity at higher temperatures
P.B. Staudt et al. / Journal of Food Engineering 114 (2013) 139–145 145besides the great advantage of requiring less experimental infor-
mation than the classical technique. The extension of the proposed
methodology for other models will probably enlarge its application
range.
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